COMMENTS ON THE BEST DESIGN:
The optical design problem for IODC'98 boiled down to choosing suitable glasses to produce an apochromatic design. One can estimate just how apochromatic these winning designs ( merit function of 1 micron ) are by comparing to a hypothetical achromatic design. The specified merit function was the combined RMS spot size at 4 field points. Since the ratio ofRMS spot size to total spot size is also about 1 :4, then one can say that a merit function of 1 .0 micron corresponds to a total spot size of about 1.0 micron at each field point. In order to satisfy the mass requirement of less than 1 .0 kilogram, the focal length tended to be about 1 00 mm and hence the axial beam size turned out to be 56 mm (f/i .8). An ordinary achromatic design, using only standard glasses, would have the combined F and C focal plane separated by about 1/2400 of the focal length from. the d focal plane. The total image spot size at best focus would be 56 mm14800 or about 12 microns, which yields a merit function of about 12 microns. Therefore, these designs were about 12x better than an ordinary achromat. The RMS wavefront error in d light at each field point of the merit function was less than 0.03 waves.
The design I submitted had a merit function of 1 .27 microns, weighed 99 1 gm, used 46 surfaces and 7 glass types. With very little loss in performance, the design could be limited to only 6 glass types. John Isenberg' 5 winning design has a merit function of 0.9 microns, used 24 surfaces and 1 2 glass types. He used an algorithm which allowed him to include special glass types as variables. It allowed him to get the best design and still have a relatively low number of surfaces. Darryl Gustafson second place design made extensive use of a global optimization algorithm. Each of our entries involved significant variations in design philosophy, yet the final merit function were comparable.
The design strategy I chose of using a small number of glasses, selected in a systematic way, may prove useful in other design problems.
STARTING FIRST ORDER DESIG
A single piece ofglass ofindex 1.7 with a density of4 gmlcm3 is limited to 250 cm3 by the mass restriction. If the glass element fills the entire space to the image plane, and if the aperture stop is on the first surface, then the length is limited to about 130 mm.. The focal length is 76 mm and the pupil diameter is 42 mm. My eventual final design had a focal length of 96.5 mm and a length of 1 62 mm, not vary far from this estimate. This first step gave me a rough estimate ofhow long the lens could be.
CHOICE OF GLASS FOR AN ACHROMATIC DESIGN:
The simplest choice of glasses for an achromatic design seemed to be 3 glasses: a high index flint and high index crown to provide achromatization and a low index, low dispersion glass to separate the individual elements. I felt that it would be necessary to provide the largest index difference between the flint/crown and the "air" glass which separates them, while still using a large difference in V values between the flint and crown. n=l .437 V=90.7 "air" glass
In the succeeding discussion, I will refer to these glasses as simply flint, crown and air.
This early choice of glasses proved a successful choice for providing an achromatic design, and led to a unique ( and probably necessary) design strategy for evolving into an apochromatic design.
CHOICE OF STARTING DESIGN:
I started with a concept of a Petzval lens with a field flattener. The front objective was composed of a pair of crown-air-flint-air doublets, for a total of 8 elements (2 flints, 2 crowns and 4 air). I chose to make the focal length ofthis objective 100 mm, separately corrected for spherical aberration and coma with low contributions at each surface. The second objective and field flattener were similarly constructed. When the design finally started to settle down, the front objective itseiflooked to be a slightly telephoto arrangement (Figure 1 & 2) . It more nearly resembles a biotar or double-Gauss. The merit function of this achromat (Figure 1 ) is 18.6 microns. One sees that both secondary axial and lateral chromatic aberration must be dealt with in any improvement scheme. This lens has 27 surfaces and 3 glass types.
FIRST ATTEMPT FOR REDUCING SECONDARY CHROMATIC ABERRATIONS:
I knew that I had to find a way to progress from an achromatic lens to an apochromatic lens, in a systematic method, without losing my work to date. Drawing from my memories of lectures and notes of Kingslake, I started to think of a triplet corrector, all special glasses, which would be modeled after an apochromatic triplet with "buried surfaces".
An apochromatic lens brings three different wavelengths to a common focus. Kingslake (Lens Design Fundamentals, Academic Press, 1978 , chapters 4 and 6) describes a method for designing a triplet telescope objective, using special glasses, which is simultaneously corrected for spherical aberration and secondary spectrum. A normal glass is defined as any glass which falls close to the average line on a partial dispersion P versus Abbe dispersion V, ofwhich most do.
Vd ( n-l)/(nF-nc) and PFd ( nF-nj)/(nF-nc).
A special glass is defined as any glass which falls well away from the straight line. Kingslake uses Schott special glasses FK6, KZSF1 and SF1 5. The particular glasses were chosen so that the triangle connecting them on the P versus V diagram has the largest possible area. The glasses have a significant index variation ranging from 1 .45 to 1 .70, so that it is possible to correct both spherical aberration in d light while achieving simultaneous focal planes in d, F and C light. However, as Kingslake notes, the variations in spherical aberration in F and C light ( spherochromatism) are so large that it is doubtful that any improvement in the final image would be achieved by bringing all three wavelengths to a common focus. He further notes that an apochromat is useful only ifmeans are found to reduce the spherochromatism.
My next design step was to use a triplet corrector lens of special glasses, in which all three of the glasses have nearly the same index ofrefraction. Large powers ofthe individual elements can be tolerated without introducing large aberrations at each wavelength. The special glasses PSK53A, KZFS1 and TIF6 are listed, and provide nearly the largest triangle possible on the P versus V diagram:
Achromatization with a "buried surface" is not new, but apochromatism by including 2 "buried surfaces" between special glasses may be. The idea of a "buried surface" to correct for chromatic aberration was patented by P. Rudolph (U. S. Patent 576,896, filed July 1896). This Rudoph patent, also described in Kingslake (Lens Design Fundamentals, Academic Press, 1978, chapter 9, pp1 76-178), uses a triplet design for a telescope doublet in which one internal surface has essentially little variation of index across it. The other internal surface has a substantial index variation, which can be used to correct for spherical aberration and coma.
I inserted the triplet corrector near the aperture stop. Initially, I varied only the curvature ofthe internal surfaces to stabilize the design and then adjusted the thicknesses to avoid negative edge thicknesses. Reoptimizing the initial design, varying all curvatures and some thicknesses, quickly led to a substantial reduction in the merit function from 1 8.7 to 12.8 microns (Figure 3 & 4) . The lens now has 32 surfaces and 6 glass types. Note that lateral chromatic aberration is clearly visible. Something had to be done to correct this.
CONTINUED APPLICATION OF ADDING TRIPLET CORRECTORS:
I repeated the process, but now added the triplet corrector between the aperture stop and the image. The merit function quickly dropped to 5.2 microns, with the surface count growing to 36 (Figure 5 & 6).
Next, I added an additional two corrector triplet lens at the aperture stop and near the image plane, and the merit function improved to 3 .1 microns ( design not shown). The longest design stage involved adding several thick and thin meniscus corrector elements away from the aperture stop and splitting several strong lenses. Finally, I adjusting the vignetting and focal length to achieve the relative illumination and mass requirements. [ With the benefit ofhindsight and without the pressure oftime, I corrected an error in weighting the field points. Then the merit function could be reoptimized to be the same as the winning design. In other words, absent the foibles of this designer, 7 glass types yield the same (and probably the near absolute minimum ) design].
SUMMARY and EXTENSION OF THE METHOD:
A general method of designing an apochromatic lens by using a triplet of special glasses, in which the buried surfaces concept is used, can be outlined. First, one initially chooses a starting point which is already achromatic. Second, a thick plate or shell is added to the design, where the plate or shell has an index of refraction 1 .62, which is similar to the special glass triplet average index ofrefraction (for example: PSK53A, KZFS 1 and TIIF6). Third, the lens is then reoptimized to an achromatic design. Fourth, the single element is replace by the special glass triplet. Fifth, only the internal surfaces of the triplet are varied to correct all three wavelengths. Although this step will produce little improvement, it does serve to stabilize further optimization. Sixth and finally, all potential variables are used to fully optimize the apochromatic lens.
Microscope objectives, for example, could be designed using this technique. The important concept to apply is the use ofmultiple buried surfaces in which each interface involves a special glass, after an achromatic design has been achieved. This extension relieves the restriction that all special glasses have a common index of refraction and allows a wider variety of special glasses to be used. However, it is still desirable to use glasses which form a large triangle on the P versus V diagram. 
